Abstract -This paper describes a reduced-cost reduced-loss adjustable speed drive for residential applications such as compressors and fans in heat pumps, air conditioners, and refrigerators. Linefrequency phase control regulates motor speed without the switching loss and electromagnetic interference problems caused by high-frequency pulse-width modulation. Motor equivalent circuit elements function as a line-frequency filter. Reasonably undistorted line current and high power factor at full load are achieved by careful system design.
INTRODUCTION
This paper describes the adjustable speed drive (ASD) for the permanent magnet motor (PMM) shown in Fig. 1 [ll. Applications for this ASD-PMM include the compressor and fan loads in residential heat pumps, air conditioners, and refrigerators. The highest rating of an ASD-PMM in this application is approximately 7 kW. Low cost and high efficiency a r e paramount in these applications while precise control of motor speed and fast response are important but secondary.
In t h e ASD-PMM of Fig. 1 Fig. 1 represents any three terminal controlled switch such as a BJT, MOSFET, or IGBT. The ac output of the commutator drives the armature on the stator which produces torque ZE on a constant-field permanent magnet rotor. The PMM drives a load with moment of inertia J and load torque TO at speed w. A commutator controller drives switches S i through S6 according to rotor position found with a sensor consisting of three Hall-effect devices actuated by a small permanent magnet mounted on the rotor shaft. The combination of the electronic commutator and the PMM is often known as an electronically commutated motor (ECM) o r a brushless dc motor.
Phase control of V x controls w without high-frequency pulse-width modulation (PWM) of S i through S6. High-frequency switching loss is eliminated and slow commutator switches with low conduction loss may be selected to improve efficiency further. The loss and cost of a discrete linefrequency filter inductor and capacitor are eliminated because their function is performed by the PMM armature inductance and the moment of inertia of the PMM rotor and load. Fig. 1 by the shaded EM1 filter.
The ASD-PMM shown in Fig. 1 has been studied both by computer simulation and laboratory experiment. An exhaustive computer simulation study of an equivalent circuit for the ASD-PMM revealed a full-load operating point with comparatively low distortion of the rectifier current iR and comparatively high rectifier power factor PFR.
The simple ASD shown in Fig. 1 requires two SCRs and associated gate drives. Figure 2 shows a functionally equivalent ASD suggested in this paper but not yet studied. This ASD eliminates the half-controlled rectifier in favor of a four-diode uncontrolled rectifier consisting of DA, DB, DC , and DD. The phase control for the rectifier SCRs is diverted to gate the commutator switch drives. In addition, rotor position is found from the PMM phase voltage while the inverter switches associated with the phase are nonconducting.
This paper continues with the motivation for and a review of ASD-PMM use in residential systems. The results of a time-domain computer simulation and of a laboratory implementation of the ASD-PMM of Fig. 1 a r e reported. Subsequently, an equivalent circuit is developed and, after a review of rectifier power factor, is used in a parametric study t o find a full-load operating condition with minimum rectifier line current distortion and maximum power factor. Finally, extension of the ASD of Fig. 1 to the ASD of Fig. 2 and several refinements are discussed.
MOTIVATION AND BACKGROUND
Residential appliances such as heat pumps, air conditioners and refrigerators have traditionally used inexpensive single-speed induction motors to drive compressors and fans. These appliances regulate temperature over a hysteresis band by cycling the motor and associated compressor or fan between full capacity (completely on) and zero capacity (completely off). Heating and cooling with this control strategy is "uncomfortable" due to wide temperature swings. In addition, efficiency is reduced by the loss inherent in cycling between on and off, the comparative ineficiency of always operating the evaporator and condenser at full capacity, and t h e induction motor rotor loss. Induction motor line starting produces an undesirable power line disturbance. Finally, full-speed operation of the compressor and fan motors produces annoying acoustic noise.
Replacing the single-speed induction motor with an ASD-PMM greatly improves performance [21. The ASD-PMM operates continuously and regulates temperature precisely by reducing the compressor and fan speed to match the heating or cooling requirement. Cycling loss, induction motor rotor loss and induction motor line starting are eliminated. The evaporator and condenser, designed for high efficiency a t full-capacity operation, are even more efficient during reduced-capacity operation. Finally, the motors often operate at less than full speed reducing acoustic noise. Figure 3 shows a heat pump and air conditioner ASD-PMM representative of those presently on the market [21. The ASD uses an uncontrolled rectifier consisting of DA, DB, Dc, and DD, and an inductive-capacitive line-frequency filter consisting of Ls and CO to supply an unregulated near-zero-ripple dc voltage Vo to an ECM. Inductor L s is placed on the source side of the rectifier to limit inrush current when charging C o . The ECM consists of switches S i through Sg, diodes D1 through Dg, and a PMM. Motor speed is regulated by PWM of the commutator switch drives using a high-frequency carrier. In compressor applications the PMM is located inside the refrigerant loop to eliminate rotating seals.
The high initial cost of this ASD effectively negates any saving gained by improved effi- Fig. 3 can operate successfully without the line frequency filter L s and CO saving their cost, weight and loss [31. However the high-frequency pulsating current drawn by the PWM commutator must be smoothed by the EM1 filter increasing its cost and weight. Alternately, the poor power factor of the rectifier in Fig. 3 can be increased by replacing the rectifier and low-frequency filter with a unity-power-factor high-frequency boost PWM converter with the consequent increase in cost and loss.
EQUIVALENCE OF ECM AND DC MOTOR
In contrast to the ASD-PMM of Fig. 3 , the ASD-PMM of Fig. 1 uses neither line-frequency filter components nor PWM and operates identically to t h e conventional permanent magnet dc motor drive shown in Fig. 4 . Both use position feedback to control a commutator supplying a three-phase permanent magnet motor. Unfortunately, the dc motor is unsuitable for compressor applications because the commutator cannot operate in the refrigerant.
In comparing Figs. 1 and 4, the dc motor uses a three-segment mechanical commutator provided with position feedback by the motor shaft. Most dc motors use more t h a n t h e three commutator segments shown for illustration in Fig. 4 . The armature is wound on the rotor to take advantage of the commutator ac output and a stator-mounted permanent magnet supplies a constant field. Similarly, the ECM shown in Fig. 1 uses an electronic commutator with external sensors to provide position feedback. The armature is wound on the stator and a rotor-mounted permanent magnet provides a constant field.
The principal difference between the dc motor and the ECM is that the armature voltage VA for the dc motor can be negative while the commutator diodes D1 through D6 of the ECM prevent negative vx. However, the output voltage of the half-controlled rectifier shown in Figs. 1 and 4 is always positive. Therefore, both the ECM and the dc motor behave identically when supplied by a half-controlled phase-controlled rectifier.
SIMULATION AND LABORATORY INVESTIGATION
The ASD-PMM of Fig. 1 has been implemented in the laboratory and simulated on a computer. An EM1 filter was not included in either case. The computer simulation was written i n Advanced Continuous Simulation Language (ACSL). In the laboratory, a Reliance Minpak V-S 0.5-HP halfcontrolled dc motor drive supplied power to a n Eastern Air Devices ECM using a 0.16-HP 3000-rpm four-pole sinusoidal-flux PMM. The ECM was rated for a maximum 90-V dc source and regulated o with high-frequency PWM. Fig. 4 . Dc motor drive using a half-controlled phase-controlled rectifier to provide a pulsating armature voltage t o a dc motor.
Figures5 and 6 compare example laboratory and simulation waveforms, respectively. The simulation accurately reproduces the laboratory waveforms. In rectifier operation, QA and DB, and QB and DA, conduct rectifier input current iR and output current i x during alternate half cycles of v s .
When QA and DB conduct, vx = +vs and i x = +iR. Similarly, when QB and DA conduct, vx = -vs and i x = -iR. Torque TE is applied to the rotor while i x > 0. Switching of Si through S6 in response to changing rotor position momentarily interrupts i x and iR. A comparatively small filter between the rectifier and the ECM would eliminate this distortion.
No torque is applied to the PMM during the intervening intervals in each half cycle when iR = i x = 0 and QA, QB, DA and DB are nonconducting. The energy stored in the motor and load moment of inertia J keeps o relatively constant during this interval. During the nonconduction interval, the free-spinning ECM acts as a dc generator and commutator diodes D1 through D6 rectify the three-phase PMM ac source as shown by the characteristic "six-pulse" ripple in vx.
Note that the rectifier and commutator operate independently just as they do in a conventional dc motor drive. As a result the ASD-PMM waveforms in Figs. 5 and 6 are aperiodic and can never match exactly. Strictly speaking, the waveforms produced by a dc motor drive are also aperiodic but this effect is often ignored due to the large number of commutator segments. The ASD-PMM operates equally well regardless of the relative values of v s and CO. Therefore, the ASD-PMM can be designed for speeds greater than the 3600-rpm limit imposed on induction motors by the 60-Hz line frequency.
Innovative compressors, such as turbines, may be able to take advantage of higher-speed operation.
The waveforms for the ASD-PMM shown in Figs. 5 and 6 illustrate a rectifier operating with high distortion of line current iR and poor power factor PFR. The solution to this problem is provided in the following two sections that develop a common equivalent circuit for the ASD-PMM of Fig. 1 and the dc motor drive of Fig. 4 and report a parametric analysis of the equivalent circuit for maximum power factor and minimum line current distortion.
EQUIVALENT CIRCUIT
With constant field provided by the permanent magnet stator, the dc motor of Fig. 4 is described by a n armature inductance and machine constant that, depending on the motor design, change with rotor position, but are approximated with reasonable accuracy by an average value LA of armature inductance and an average value K of machine constant. By extension, the ECM of Fig. 1 is also described by an armature inductance LA and a machine constant K. Figure 7 shows a dc power supply consisting of a half-controlled phase-controlled rectifier and an inductive-capacitive output filter Lo and CO supplying power to an electrical load. The dc power supply and electrical load of Fig. 7 are an equivalent circuit for the dc motor drive and mechanical load of Fig. 4 [41 and the ECM and mechanical load of Fig. 1 using the following transformation:
In the equivalent circuit of Fig. 7 , the output filter inductor Lo represents the motor armature inductance LA, the capacitor CO represents the motor and load moment of inertia J reflected into the electrical circuit, the output filter inductor current i x represents both the armature current iA and the motor torque ZE reflected into the electrical circuit, and the load current I o represents the load torque 20 also reflected into the electrical circuit.
PARAMETRIC ANALYSIS
The source v s delivers current iR to the ASD-PMM of Fig. 1 , the dc motor drive of Fig. 4 , and the dc power supply of Fig. 7 . Source voltage v s is often nearly sinusoidal with rms value V s , but iR is nonsinusoidal with rms value IR and a fundamental component of r m s value I R (~) that lags vs by angle $~(1). The rectifier power factor PFR is the ratio of the real power Ps delivered by the source to the apparent power VsIs delivered by the source.
If vs is nearly sinusoidal Ps is approximated by
and (5) simplifies to
(7)
The first factor cos$R(l) is the familiar displacement power factor and is unity if the fundamental of iR is in phase with vs. The second factor I R (~) / I R is unity if iR is a pure sine wave and has been called "purity factor" by the authors. The purity factor is easily related to the more-popular total harmonic distortion (THD expressed in percent) by Both displacement power factor and purity factor must be unity for rectifier operation with unity overall power factor. Rectifier line current harmonics and power factor have been the subject of long-term study a t NCSU [4-111. For the half-controlled phase-controlled rectifier of Fig. 7 with example values Vs = 120 V, f s = 60 Hz, CO = 30,000 pF, and constant output current I o = 8 A, Fig, 8 Single-phase full-controlled rectifiers used a s dc power supplies, similar t o that shown Fig. 7 , have been designed for high power factor operation using this strategy [SI. This strategy was subsequently extended to the half-controlled rectifier used as a dc power supply shown in Fig. 7 and the dc motor drive shown in Fig. 4 191. Using this strategy, the rectifier is designed to operate with high power factor in the worst-case full-load condition in which the rectifier approaches the volt-ampere rating of the electrical service. The power factor declines in the less demanding reduced-load condition. For high-power-factor operation, the dc power supply requires a n uneconomically large discrete output filter inductance Lo. However, in the dc motor drive of Fig. 4 the armature inductance LA performs this function and is usually large enough to implement this strategy economically.
This strategy is easily extended to the ASD-PMM of Fig. 1 . Figures 5 and 6 show time waveforms for the reduced-load low-power-factor condition. Figure 9 shows the corresponding simulation waveform of iR for the full-load high-power-factor condition. This waveform could not be duplicated in the laboratory because of the limited current rating of the commutator switches. The basic waveform is nearly sinusoidal except for the momentary interruptions caused by commutator switchi n g .
ASD-PMM REFINEMENTS
In the ASD-PMM of Fig. 1 , the rectifier regu- If harmonic standards or problems at a sensitive location require true unity-power-factor operation, a high-frequency-switching power factor compensator could be easily added to t h e ASD-PMM of Fig. 2 . Connected across the rectifier output vx, a compensator could be installed either during manufacture or subsequent field maintenance. Since t h e ASD-PMM normally operates with minimum line-current harmonics and high power factor, compensator rating is greatly reduced.
Finally, the ASD-PMM of Fig. 2 could be further simplified to a single-phase to three-phase matrix converter with six switches 113. Unfortunately the lack of monolithic bidirectional-conducting and blocking switches prevents t h e practical implementation of all matrix converters.
CONCLUSION
This paper describes an adjustable speed drive using permanent magnet motor equivalent circuit elements to replace line-frequency filter components and using line-frequency phase control to replace high-frequency pulse-width modulation. Careful design allows operation with high power factor in the full-load worst-case condition. While an equitable comparison to previous approaches was not possible due to facility limitations, reduction of circuit complexity and elimination of several loss mechanisms should reduce cost and loss and help make ASD-PMM-based heat pumps, air conditioners, and refrigerators more economically attractive.
